independent of lower extremity strength and physical activity. Clinical interventions to improve respiratory muscle strength may decrease the burden of mobility impairment in the elderly.
Introduction
Loss of muscle strength and increasing mobility impairment are common with age and are associated with significant morbidity and mortality [1] [2] [3] [4] . Thus efforts to intervene and modify the course of age-related motor decline are a growing public health concern in our aging population. Physical activity is well known to have beneficial effects on mobility, and it is widely thought that one of the ways in which physical activity may benefit mobility in the elderly is through its effects on lower extremity muscle structure and function. In a previous study, we showed that physical activity and lower extremity strength are independent predictors of mobility decline in older persons [5] . Thus, although increased physical activity may improve lower extremity strength, the beneficial effect of physical activity on mobility is likely to involve other pathways. Although respiratory muscle strength declines with increasing age, little is known about its association with the rate of change in mobility in older persons without respiratory complaints. Further, it is not known whether respiratory muscle strength is associated with mobility after controlling for lower extremity muscle strength and physical activity [6, 7] .
We used data from nearly 900 community-based ambulatory older persons without dementia who were participating in the Rush Memory and Aging Project and had undergone annual clinical assessments to investigate the extent to which respiratory muscle strength is associated with the rate of change in mobility after controlling for lower extremity strength and physical activity [8] . We used linear mixed-effect models to examine the associations of respiratory muscle strength with the rate of change in mobility when controlling for lower extremity strength. Next, we examined whether respiratory muscle strength was still associated with the rate of change in mobility after controlling for both physical activity and lower extremity strength in a single model. Finally, we repeated these analyses controlling for several covariates that might affect the primary associations.
Methods

Participants
All participants were from the Rush Memory and Aging Project, a community-based, longitudinal clinical-pathologic investigation of chronic conditions of old age. Participants were recruited from more than 40 residential facilities across the metropolitan Chicago area, including subsidized senior housing facilities, retirement communities, and retirement homes, in addition to social service agencies and church groups. Participants agreed to annual detailed clinical evaluations (described below) and all evaluations were performed at the parent facility or the participants' homes to reduce burden and enhance follow-up participation [8] . The study was conducted in accordance with the latest version of the Declaration of Helsinki and was approved by the Institutional Review Board of Rush University Medical Center.
The Memory and Aging Project began in 1997 and the overall follow-up rate is about 95% of survivors. Because of the rolling admission and mortality, the length of follow-up and number of examinations varies across participants. Further, because the collection of data on respiratory function was not added until 2001, it was only available on a subset of Memory and Aging Project participants. To maintain the temporal relation between respiratory muscle strength and mobility, we included the first respiratory muscle strength test as the predictor and considered the mobility measure obtained at that evaluation the 'baseline' for this study; all subsequent mobility measures available for each participant were used to calculate the rate of change in mobility. There were four requirements for inclusion in these analyses: (1) the absence of dementia at the baseline evaluation; (2) the ability to ambulate at baseline; (3) a valid respiratory muscle strength testing at baseline and (4) one or more valid follow-up mobility scores.
At the time of these analyses, 1,094 participants had enrolled and completed a baseline evaluation; of these 105 were excluded because of dementia or inability to ambulate at baseline and 76 were excluded since they were not eligible for follow-up exam. Of 913 who were eligible for follow-up exam 23 had missing follow data (participation rate of 1 97%), leaving 890 for these analyses ( fig. 1 ). Their mean age at baseline was 80.6 years (SD = 7.22), mean education was 14.6 years (SD = 2.9), mean Mini-Mental State Examination score was 28.0 (SD = 2.08; median = 28; range 18-30), BMI was 27.3 (SD = 5.23; median = 26; range 17-63) and 75.6% were women. Following the baseline exam, participants were examined annually [average interval between annual follow-up evaluations was 11.9 months (SD = 2.0 months)] with a mean follow-up of 3.0 years (SD = 1.3). Thus, on average, there were 4 mobility assessments for each participant (SD = 1.2; range 2-6) used for these longitudinal analyses.
Subjects underwent a uniform structured clinical evaluation including a medical history, neurologic examination, and cognitive performance testing. Details of the clinical evaluation have been previously described [8] . A battery of 21 cognitive tests was administered at each evaluation to assess cognitive function. The Mini- Total number of participants who were enrolled in the Memory and Aging Project is shown and those who were excluded because they did not meet the inclusion criteria for these analyses.
Mental State Examination was used to describe the cohort [9] . Scores on 19 tests were used to create a composite measure of global cognitive function. To compute the composite measure of global cognitive function, raw scores on each of the individual tests were converted to z scores using the baseline mean and standard deviation of the entire cohort, and the z scores of all 19 tests were averaged. Psychometric information about this composite measure of global cognition is contained in previous publications [10] . Dementia was diagnosed in a three-step process. First, a computer scored the neuropsychological tests and applied an education-adjusted impairment rating for 11 tests commonly used for the clinical classification of Alzheimer's disease [11] . Next, following a review of the results of all cognitive tests, an experienced, board-certified clinical neuropsychologist rendered a clinical judgment regarding the presence of cognitive impairment. Finally, all participants were evaluated in person by a physician with expertise in the evaluation of older persons with and without dementia. The physician determined the presence of dementia (when appropriate) based on the in-person evaluation and a review of all available clinical data and their examination. The diagnosis of dementia followed the criteria of the joint working group of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association. These require a history of cognitive decline and evidence of impairment in two or more domains of cognition, one of which must be memory, for classification as Alzheimer's disease [12] .
Mobility
We asked people to walk eight feet and turn 360° and measured time and number of steps on each task. Those unable to perform a task were given a score of 0; for the remainder, scores on each measure were divided into quintiles: scores of 5 were assigned to the quintile with the fastest time and fewest steps and scores of 1 to the quintile with the slowest times and most steps. We used components of variance analysis to examine the variability of the components used to construct composite mobility. Composite mobility was collected annually and each of its four subcomponents was based on two trials. We considered three sources that could contribute to the variation of composite mobility: (1) within subject, (2) visit within subject and (3) trial within visit. When considering each of the four components, on average, the variation due to subject was 31.5% of the total variation; visit within subject was 39.9% and trial within visit contributed 28.7% of the total variation. The variation of the trial within visit is further reduced since the two trials which were collected are averaged together to yield each of the four subcomponents. Since averaging trials reduces an already small source of variation, we have not employed other methods to compensate for variation within visit. Each of the four component measures were converted to z scores and averaged to yield composite mobility as previously described [5] .
Respiratory Muscle Strength
Respiratory muscle strength was based on measures of maximal inspiratory (MIP) and expiratory (MEP) pressures [13, 14] . A hand-held device that contains a pressure-sensitive transducer was used to assess MIP (in cm H 2 O) and MEP (in cm H 2 O;) MicroMouth Pressure Meter MP01; MicroMedical Ltd., Kent, UK). Participants were requested take a deep breath and to seal their lips securely around the mouthpiece of this portable pressure meter. The subjects were verbally encouraged to maximally inspire for MIP or maximally expire for MEP and to sustain their maximal level for at least 1 s. Two trials of both MIPs and MEPs were collected at baseline. The mean scores for MIPs and MEPs were converted to z scores, using the mean and standard deviation of all study participants at baseline. Both z scores were averaged to yield a composite measure of respiratory muscle strength [15] . We used components of variance analysis to examine the contribution of trial to trial variation and subject to the subcomponents (MIP and MEP) of baseline composite respiratory muscle strength. On average, the contribution of the trial to trail variation to total variation of both subcomponents was 14.8% and was much smaller than the variation due to subject (85.2%). The trial to trial variation is further reduced since the two trials which were collected are averaged together to yield each of the two subcomponents. Since this process reduces an already small source of variation, we have not employed other methods to compensate for variation due to trial.
Lower Extremity Strength
Hand-held dynamometers (Lafayette Manual Muscle Test System, Model 01163, Lafayette, Ind., USA) [16] were used to assess muscle strength in both lower extremities (hip flexion, knee extension, plantar flexion, and ankle dorsiflexion). The mean score for each muscle group was converted to a z score, using the mean and standard deviation of all study participants at baseline and the z scores of all the lower extremity muscles were averaged to yield lower extremity strength as previously described [5] .
Physical Activity
Physical activity was assessed using questions adapted from the 1985 National Health Interview Survey [17] . Activities included walking for exercise, gardening or yard work, calisthenics or general exercise, bicycle riding, and swimming or water exercise. Minutes spent engaged in each activity were summed and expressed as hours of activity per week, as previously described [5] .
Other Covariates
Gender, age, and years of education were obtained at baseline evaluation. Weight and height were measured and used to calculate BMI. Parkinsonian signs were based on a modified version of the motor portion of the Unified Parkinson's Disease Rating Scale [18] . Joint pain was based on participant report of joint pain. We summarized vascular risk factors as the number of the following risk factors: hypertension, diabetes mellitus, and smoking. Vascular disease burden was the number of four vascular diseases: myocardial infarction, congestive heart failure, claudication, and stroke, as previously described [18] . In addition, forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC) were measured with a hand-held spirometer (MicroPlus Spirometer MS03, MicroMedical Ltd.). In order to examine the possibility that participants with possible pulmonary disease influenced the results, we considered participants to have possible pulmonary disease if the ratio of FEV 1 /FVC was ^ 0.7, as suggested by previous literature [19] . In addition, for these analyses, participants who were receiving one or more medications used to treat chronic pulmonary diseases including anticholinergics, ␤ -adrenergics, theophylline, steroid inhalants, and leukotrienes were considered to have possible pulmonary disease. Medications were inspected and coded using the Medi-Span system (Medi-Span, Inc.) [8] .
Analysis
Pearson (r) correlations were used to assess the relationship of gait measures with age and education, t tests were used to compare men and women and Spearman (rho) correlations were used to assess the relationship of physical performance measures. Linear mixed-effect models were used to determine whether respiratory muscle strength predicted mobility decline over several years of follow-up. In mixed-effect models, the rate of change in mobility (slope) for an individual participant is postulated to follow the mean path of change in mobility for the group, except for random effects that may contribute variability in both mobility performance at baseline and the rate of change in mobility over time. Therefore, mixed-effect models include linear model terms for the mean person-specific intercepts (terms which appear as main effects in the mixed model), and terms for the mean person-specific slopes (terms which appear as interactions with time). The person-specific deviations from the means are modeled as random effects on both slope and intercept. This approach reduces the noise in the parameter estimates of individual slopes and yields a more precise estimate of the effects of the covariates of interest (e.g., respiratory muscle strength) on person-specific change in mobility. Linear mixed-effect models are particularly well-suited to modeling person-specific mobility based on repeated annual measures of mobility. These models are robust and have the practical advantages that individuals included need not have the same number of observations and the time between observations is not assumed to be constant within or between persons. We have used this approach in several previous longitudinal studies of mobility and cognitive function [5, 20, 21] .
All models controlled for age, sex, education and their interaction with time. Then we added a pair of terms for baseline respiratory muscle strength and its interaction with time to the core model. Next, because we had previously shown that lower extremity strength and physical activity were relatively independently associated with mobility decline, we first added a pair of terms for baseline lower extremity strength and its interaction with time and then another pair of terms for baseline physical activity and its interaction with time to determine if controlling for lower extremity strength and physical activity changed the association between respiratory muscle strength and the rate of change in mobility. Finally, we examined several covariates that might affect these associations. A term for each covariate was added to the previous model as well as a term for its interaction with time. Since both low and high values of BMI can be associated with adverse health consequences, we added a term for BMI and a quadratic term for BMI (BMI ! BMI) as well as a term for their interaction with time. Model assumptions of linearity, normality, independence of errors, and homoscedasticity of errors were examined graphically and analytically and were adequately met [22] . Programming was done using SAS software (SAS Institute, Cary, N.C., USA) [23] .
Results
Baseline Mobility
Baseline mobility ranged from -1.55 to 1.35 (mean = 0.14, SD = 0.77) with higher scores indicating better performance. Baseline mobility was inversely related to age (r = -0.33, p ! 0.001), positively associated with education (r = 0.14, p ! 0.001), and was higher in men than women (mean difference = 0.21 unit, t = -3.50, p ! 0.001).
Respiratory Muscle Strength and Change in Mobility
Baseline respiratory muscle strength ranged from -2.01 to 3.20 (mean = 0.01; SD = 0.85), with higher scores indicating better performance. Respiratory muscle strength was inversely related to age (r = -0.22, p ! 0.001), positively associated with education (r = 0.14, p ! 0.001), and men were stronger than women (mean difference = 0.79 unit, t = -11.80, p ! 0.001). There was a moderate association of respiratory muscle strength with lower extremity strength (rho = 0.35, p ! 0.001) and a mild association with physical activity (rho = 0.12, p ! 0.001). There was a weak association between lower extremity strength and physical activity (rho = 0.09, p ! 0.01).
We examined the individual differences in the rate of change in mobility using a linear mixed-effect model controlling for age, sex and education and their interaction with time. Mobility declined by about 0.16 unit/year (estimate = -0.161; SE = 0.010, p ! 0.001). Next we added a term for baseline respiratory muscle strength and its interaction with time to the previous model to examine whether respiratory muscle strength was related to the rate of change in mobility. In this model mobility declined by about 0.122 unit/year and each 1-unit increase in respiratory strength at baseline was associated with a slowed decline in mobility of 0.043 unit/year. Therefore a person with respiratory strength 1 unit above the mean at baseline would show about a 35% slower rate of decline in mobility (mean decline: about 0.079 unit/year, respiratory muscle strength ! time: table 1 , model A). Another way of describing the association of respiratory muscle strength with mobility is to compare it to the association of age and mobility decline. There was a significant interaction between baseline age and mobility, such that for each reduced year of age, mobility decline was reduced by almost 3% (age ! time: estimate = 0.003; SE = 0.013, p = 0.007). Thus, the effect of an additional unit of respiratory muscle strength at baseline on mobility decline was the same as about being 13 years younger at baseline.
Next, because we had previously shown that lower extremity strength and physical activity were relatively independently associated with mobility decline, we examined whether controlling for lower extremity strength and physical activity confounded the association of respiratory muscle strength with the rate of change in mobility. First we add a term for lower extremity strength to the previous model and the association of respiratory muscle strength and rate of change in mobility was unchanged ( table 1 , model B). Next we added a term for physical activity to the previous model and the estimates for respiratory muscle strength, lower extremity strength and physical activity remained associated with mobility ( table 1 , model C). These results suggest that all three of these performance measures, respiratory muscle strength, lower extremity strength and physical activity, make relatively independent contributions to the rate of change in mobility.
Finally, we examined several covariates that might affect the different physical performance measures or respiratory muscle strength and might thereby affect their association with mobility including: body composition, baseline global cognition and the subsequent development of dementia during the course of the study, parkinsonian signs, comorbid conditions including possible pulmonary disease as evidenced by a ratio of FEV 1 /FVC ^ 0.7 or the use of medications used to treat pulmonary diseases, joint pain, vascular diseases and vascular risk factors, including smoking. Even after adding terms for these covariates to model C ( table 1 ), respiratory muscle strength remained associated with mobility decline (results not shown).
Discussion
In a group of 890 ambulatory older persons without dementia at baseline and with a rate of change of mobility determined over an average of 3 years of follow-up, we found that respiratory muscle strength is associated with the rate of change in mobility. Further, when respiratory muscle strength was considered together in a single model controlling for lower extremity strength and physical activity, all terms remained relatively independently associated with the rate of change in mobility. The latter findings were robust and persisted even after controlling for a number of other covariates that may contribute to mobility including body composition, baseline cognition, subsequent development of dementia, parkinsonian signs, as well as several comorbid conditions including possible pulmonary disease, smoking or vascular conditions and risk factors. These results suggest that respiratory muscle strength is associated with loss of mobility in older adults even after controlling for lower extremity strength and physical activity. These findings suggest that interventions focused on improving respiratory muscle strength may decrease mobility impairment in the elderly.
Mobility decline in the elderly is common and associated with incident disability, institutionalization and mortality [2] . Identifying factors that predict change in mobility is important for the development of interventions to modify this growing public health concern in our aging population. Muscle strength declines with age and numerous cross-sectional studies have shown that low muscle strength is usually associated with decreased mobility [4, 6, 7] . Although most previous clinical research has focused on age-related changes in appendicular muscle strength, age-related changes in respiratory muscle strength have also been reported [13] . Respiratory muscles include the inspiratory and expiratory muscle groups. The diaphragm, internal intercostals of the parasternal region, external intercostals, and other accessory muscles Estimated from linear mixed-effect models adjusted for age, sex, education, and their interactions with time (i.e. mean annual linear change in mobility for an average participant). We sequentially added terms, first for baseline respiratory muscle strength and its interaction with time (model A); we next added terms for lower extremity strength and its interaction with time (model B), and finally, we added terms for physical activity and its interaction with time (model C). Values in parentheses represent SE followed by p value.
constitute the inspiratory muscles. The lateral internal intercostals and abdominal muscles constitute the expiratory muscles. Lower respiratory muscle strength may lead to impaired pressure gradients and air exchange at the alveolar surface which could limit mobility.
Importantly, there are limited data on the association of respiratory muscle strength with mobility in older persons without known pulmonary disease [24] [25] [26] . Impaired respiratory muscle strength has been extensively studied in patients with chronic lung and cardiac disease and is associated with decreased mobility in these conditions [27] [28] [29] [30] . Thus, the association between respiratory muscle strength and mobility observed in this study is consistent with previous studies of persons with diverse medical conditions. The current study extends previous studies and shows that respiratory muscle strength is related to mobility decline even after controlling for lower extremity strength and physical activity in older persons without known pulmonary disease. Since both respiratory and lower extremity strength are independently associated with mobility, both need to be considered when trying to explicate the biology of mobility decline.
Physical activity is associated with a wide range of important health outcomes including loss of mobility but the biology of this association is poorly understood [31] . Data from cross-sectional studies suggest that physical activity is at least partially linked with mobility through its effect on muscle function including strength or power [32] . However, there are few longitudinal studies of the relationship between physical activity, muscle strength and the rate of decline in mobility including recent work in this cohort [5] . Some clinical intervention studies that have aimed to increase muscle strength have reported improved performance, but others have failed to find beneficial effects [33, 34] . Moreover, whereas some have shown that physical activity is associated with improved mobility via its effect on muscle and cardiovascular fitness, others have reported improved health benefits from higher levels of routine physical activity despite no demonstrable improvement in muscle function or changes in cardiac output, suggesting the possible importance of other pathways [35] . Thus, while physical activity may improve muscle structure and function, this is not the only mechanism through which physical activity has a beneficial effect on mobility. We are not aware of studies that have examined whether physical activity is associated with mobility after controlling for both respiratory and lower extremity muscle strength [36] . The current study showed that three important subsystems necessary for mobility including physical activity, respiratory and lower extremity muscle strength make independent contributions to the rate of decline in mobility even after controlling for other covariates. This suggests that clinical interventions may need to focus on multiple subsystems that make independent contributions to mobility loss and suggest that there are alternative pathways through which interventions may modify mobility impairment in the elderly [37] .
Our study has several limitations. First, the participants in this study are a selected group having agreed to postmortem donation, so these results will need to be replicated in the general population. Respiratory muscle strength was measured with a hand-held device in the community and in contrast to laboratory testing only two trials were collected. In addition, hand-held dynamometry was used to measure lower extremity strength, which does not measure all of the important aspects of strength. Therefore, although respiratory and lower extremity strength was both associated with mobility decline, the use of a more sensitive measure of strength might have shown attenuation of the association of physical activity with mobility.
Despite these limitations, several factors increase confidence in the findings from this study. Perhaps most importantly, strength was evaluated as part of a uniform structured clinical evaluation and incorporated many widely accepted and reliable performance measures; strength testing was done in multiple lower extremity muscles. Based on a uniform clinical evaluation and widely accepted diagnostic criteria, persons with dementia were excluded from analyses and a relatively large number of older persons were studied, so that there was adequate statistical power to identify the associations of interest while controlling for potentially confounding variables.
